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The  amino  acid  ortho-phosphoserine  (OPS)  is  a feasible  alternative  to expensive  protein  ligands  for the
puriﬁcation  of IgG  due  to its selectivity,  elution  under  non-denaturing  conditions,  and low  cost.  In this
study  we  investigated  the  adsorption  of IgG2a mouse  monoclonal  antibody  (MAb)  from  precipitate  solu-
tion  of hybridoma  culture  supernatant  onto  OPS-agarose  adsorbent.  The  effects  of spacer  arm,  buffer
system,  pH,  and  NaCl  concentration  on  the adsorption  of IgG2a MAb  were  evaluated.  Screening  buffereywords:
onoclonal antibodies (MAb)
gG2a
uriﬁcation
dsorption
rtho-Phosphoserine
systems  showed  that Tris–HCl  at pH  7.0  provided  the  highest  IgG2a MAb  yield (77%)  and  puriﬁcation
factor  (31.8).  The  adsorption  of IgG2a MAb  was  observed  to  decrease  by approximately  90%  as  the  NaCl
concentration  was  increased  from  0.0  to  100  mmol  L−1. A kinetic  study  of IgG2a MAb  adsorption  showed
that  these  data  were  in agreement  with  the  pseudo-ﬁrst-order  kinetic  model.  This  study  suggests  the
potential  for use  of OPS-agarose  in  the  puriﬁcation  of IgG2a MAb  from  hybridoma  culture  supernatants.
©  2015  Elsevier  Ltd. All  rights  reserved.. Introduction
The amino acid ortho-phosphoserine (an ester of serine and
hosphoric acid, OPS) is a component of many soluble pro-
eins, such as phosphorylase, phosvitin, and caseins, as well as
 constituent of biological membranes [1,2]. Under physiological
onditions, OPS interacts with positively charged molecules, such
s proteins and metal ions, because of its negatively charged phos-
ho and carboxylic groups, and thus shows potential for use as a
igand in chromatography [3–5].
OPS behaves as a metal ion chelating agent and has been used
s a chelating ligand in immobilized metal ion afﬁnity chromatog-
aphy (IMAC) with the aim to study puriﬁcation and adsorption
f several proteins [6,7]. It has been shown that OPS as a chelat-
ng ligand in IMAC has high selectivity for human transferrin and
2-macroglobulin when hard Lewis metal ions are immobilized,
roviding an attractive alternative for selective fractionation of
uman serum proteins [6]. When the borderline Cu(II) and the hard
ewis metal ion Al(IIl) were chelated with OPS, the resulting IMAC
dsorbents did not demonstrate any signiﬁcant afﬁnity for human
gG under the conditions studied.
∗ Corresponding author. Fax: +55 19 3521 3910.
E-mail address: sonia@feq.unicamp.br (S.M.A. Bueno).
ttp://dx.doi.org/10.1016/j.procbio.2015.09.003
359-5113/© 2015 Elsevier Ltd. All rights reserved.As a ligand in chromatography, OPS can be grafted via its -
amino group or -carboxyl. OPS is usually grafted via its -amino
group, and both the -carboxyl and phosphate groups remain free
to chelate the metal ion or to interact with biomolecules (when
the OPS is not complexed with metal ions) during chromatography.
OPS immobilized as a ligand on cyanogen bromide (CNBr)-activated
agarose has shown high selectivity for puriﬁcation of IgG from
human serum [3]. When OPS is grafted onto CNBr-activated agarose
gel beads, IgG interacts with negatively charged phosphate and
carboxyl groups, as well as with carbamate, imidocarbonate, and
isourea groups, the remaining linking groups in the CNBr activation
procedure.
OPS can be classiﬁed as a pseudobiospeciﬁc ligand [8–10], as
it is a low-afﬁnity medium for human IgG adsorption with a dis-
sociation constant of about 10−5 mol  L−1 [3]. Adsorbed human IgG
can be eluted under mild elution conditions, thus preserving its
biological activities. From an economic standpoint, OPS is cheaper
than biospeciﬁc ligands such as proteins A, G, and L, currently the
ligands most frequently used for puriﬁcation of IgG from different
sources. The OPS-agarose showed ability to purify human IgG at
about one-ﬁfth the cost of protein A-agarose [3].
Although immobilized OPS has been used for puriﬁcation of IgG
from human serum, the binding mechanism involved has yet to
be elucidated. Previous work in our laboratory showed that the
adsorption of human IgG in a phosphate buffer system at pH 6.5
seemed to be governed mainly by electrostatic interactions, as the
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mig. 1. Isoelectric focusing of IgG2a anti-T cruzi MAb. Lane 1: M-pI 3–9 marker (GE
ealthcare), lane 2: I-IgG2a MAb  puriﬁed by chromatography on protein G-agarose.
etained IgG was positively charged with pI values mostly between
.15 and 8.45 [3].
The present study extends the work of puriﬁcation of IgG from
uman serum by pseudo-afﬁnity chromatography using immobi-
ized OPS in agarose [3] as a systematic approach to improve the
pplication of this adsorbent for purifying monoclonal antibodies.
he present work focuses on the adsorption and puriﬁcation of
 mouse IgG2a monoclonal antibody (MAb) on immobilized OPS
s a function of buffer system, pH, and sodium chloride concen-
ration. The effect of OPS grafted onto agarose through CNBr and
n etherlinkage on the selectivity of the adsorbent was also eval-
ated. The parameters of pseudo-ﬁrst- and pseudo-second-order
quations were ﬁtted to experimental data obtained from batch
inetic experiments of IgG2a MAb  on the OPS-agarose to investi-
ate the mass transfer behavior. This work may  contribute to the
evelopment of basic knowledge involving the puriﬁcation of IgG
n OPS-agarose by pseudo-afﬁnity chromatography.
. Experimental
.1. Chemicals
Crystalline bovine serum albumin (BSA), protein G-Sepharose
ast Flow, O-phospho-l-serine-agarose (CNBr-activated gel con-
aining 20–60 mol  of OPS g−1 dry gel) referred to as OPS-agarose
n this work, 3-(N-morpholino)-propanesulfonic acid (Mops),
lycin, anti-mouse IgG (whole molecule) antibody produced in
abbit, monoclonal mouse IgG1, and anti-mouse IgG-peroxidase
whole molecule) antibody produced in sheep were purchased
rom Sigma (USA). Sodium phosphate (monobasic and diba-
ic), ammonium sulfate, 1,4-butanediol diglycidyl ether, and
ris(hydroxyethyl amino methane) (Tris) were purchased from
erck (Germany). Acrylamide, bis-acrylamide, sodium dodecyl
ulfate (SDS), and dithiotrietol were provided by Bio-Rad (USA)
or the SDS-polyacrylamide gel electrophoresis (PAGE) analysis.
ephadex G25 desalting columns (PD10) were obtained from GE
ealthcare (USA). The electrophoresis calibration kit for determi-
ation of molecular mass (myosine, 212 kDa; 2-macroglobulin,
70 kDa; -galactosidase, 116 kDA; transferrin, 76 kDa; glutamic
ehydrogenase, 53 kDa) and the full range rainbow molecular
ass marker (12 at 225 kDa) for western blot were provided byistry 50 (2015) 2267–2274
GE Healthcare (USA). Polyclonal human immunoglobulin G was
provided by CSL Behring (Germany). The water used for buffer
and solution preparation was ultrapure (Milli-Q System, Millipore,
USA). All other chemicals were of analytical reagent grade.
2.2. Monoclonal antibody IgG2a
Antibody-secreting hybridomas to Trypanosoma cruzi was pro-
duced by fusion of spleen cells of F1 mice (CBAxC57Bl/10) infected
with 102 trypomastigote forms of the Y strain of T. cruzi [11]
and Sp2/0-Ag14 cells [12]. The spleens were collected 42 days
after the infection and their cells were fused with myeloma cells
using the protocol as described by de St. Groth and Scheidegger
[13]. Immunoﬂuorescence assays were used to screen hybridomas
secreting antibodies that reacted with surface antigens of blood-
stream trypomastigotes. All the selected hybridomas produced
antibodies that were able to immunoprecipitate antigen with a
molecular mass of 50 kDa in the surface of trypomastigote and
amastigote forms [14]. One of these antibodies, the 5B6H3G10 IgG2a
isotype, was chosen for the present study.
Anti-T. cruzi MAb  expressed by the hybridoma WT  5B6H3G10
[14], was  produced in vitro at 37 ◦C in a 20-mL Roux culture bot-
tle using Dulbecco’s Modiﬁed Eagle’s culture media (Sigma, USA)
enriched with 10% bovine fetal serum (Nutricell, Brazil) and con-
taining gentamicin (Sigma, USA). The cells were removed from the
cultures by centrifugation, and the supernatants were then ﬁltered
through a 0.22-m cellulose membrane (Millipore, USA).
2.3. Culture cell supernatant precipitation and dialysis
Five-hundred milliliters of hybridoma cell culture supernatant
was precipitated at 4 ◦C with 500 mL  of ammonium sulfate satu-
rated solution (slowly poured into the cell culture supernatant, 50%
saturation ﬁnal solution). The solution was stirred for 16 h and then
centrifuged at 10,000 × g for 15 min  [15,16]. The precipitate was
resuspended in 25 mL of Tris–HCl 50 mmol  L−1, pH 7.0, and dialyzed
against three 3-L changes in the same buffer at 4 ◦C. This anti-T. cruzi
IgG2a-containing solution is referred to as “IgG2a precipitate solu-
tion” in this study. It contained 708.3 g of IgG2a per milliliter (IgG2a
determined by enzyme-linked immunosorbent assay (ELISA)) and
12 mg  of total protein per milliliter. The IgG2a precipitate solution
was aliquoted and stored at −20 ◦C. After each chromatography
experiment, one aliquot of IgG2a precipitate solution was  defrosted
and loading buffer was substituted for the dialyzed solution using
a PD-10 Sephadex G 25.
2.4. Immobilization of OPS on epoxy-activated agarose
The agarose beads were activated with 1,4-butanediol diglycidyl
ether as described by Sundberg and Porath [17]. Reactive oxiranes
were introduced into the agarose and subsequently opened and
coupled with the primary amino group of OPS as described by
Zachariou et al. [4]. The resulting gel adsorber is referred to as
OPS-epoxy-activated agarose in this work.
2.5. Chromatographic experiments
All chromatographic procedures were carried out with an
automated chromatography system (BioLogic LP Liquid Chro-
matography System, Bio-Rad, USA) at 25 ◦C and a ﬂow rate of
0.5 mL  min−1 (superﬁcial velocity of 38.2 cm h−1). The OPS-agarose
or OPS-epoxy-agarose gels were suspended in water, degassed, and
packed into a column (10.0 cm × 1.0 cm I.D., GE Healthcare, USA) to
give a bed volume of 1.0 mL.  Thus, the column was equilibrated
with loading buffer. To study the effect of buffer system on IgG2a
adsorption, the following loading buffers at 50 mmol  L−1, covering
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Fig. 2. Effect of the buffer system on the adsorption of IgG2a MAb  on OPS-agarose (chromatographic proﬁles). Loading buffers at 50 mmol L−1: (a–c) sodium phosphate buffer
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lution, loading buffer containing 1.0 mol  L−1 NaCl). Other conditions: bed volume, 
 pH range of 6.5–9.0 within their respective buffering ranges, were
sed: sodium phosphate (NaP), Tris–HCl, and Mops.
IgG2a precipitate solution (4.0 mL  at 0.18 mg  IgG2a mL−1,
0.0 mg  of total protein, an appropriate loading buffer) was fed into
 column that had been previously equilibrated with loading buffer.
or all experiments, after protein loading, the column was  washed
ith the loading buffer until the absorbance values at 280 nm at
he outlet reached the baseline. The column was  then eluted with
oading buffer containing 1.0 mol  L−1 NaCl (step gradient elution).
uring all chromatographic steps, absorbance at 280 nm was  moni-
ored and fractions of 1.0 mL  were collected. After each experiment,
he column was regenerated with 50 mmol  L−1 NaOH, followed by
illi-Q water and the loading buffer to restore it to its initial condi-
ion for a new experiment. The Bradford method [18] and SDS-PAGE
ere used to analyze the proteins in both nonretained and retained
ractions. The nonretained and retained fractions were then pooled
or determination of IgG2a concentration by ELISA.able 1
otal protein and IgG2a MAb  mass balance in the chromatographic experiments carried o
Steps TPa (mg) MAbb (g) MAb  to total protein ma
Injection 20.05 730.75 ± 51.11 36.4 
Washing 19.30 69.72 ± 2.41 3.61 
Elution  0.49 560.96 ± 1.47 1144.8 
Recovery 19.79 630.68 ± 3.88 
a Total protein (mg): determined using the Bradford method [18]. Average standard de
b The amount of MAb  in each step determined by ELISA.
c The yield of the MAb  was  determined as the ratio of the mass of MAb  in fractions of eops buffer at pH 6.5, 7.0, and 7.9, respectively. The black and gray lines correspond
 appropriate loading buffer. W:  washing (loading buffer). E: elution (step gradient
;  ﬂow rate, 0.5 mL/min; fraction volume, 1.0 mL.
2.6. IgG2a puriﬁcation in protein G-agarose
A column (10 cm × 1.0 cm, GE Healthcare, USA) packed with
protein G-agarose (protein G-Sepharose Fast Flow, bead volume
of 5.0 mL)  was equilibrated with 100 mmol  L−1 phosphate buffer,
pH 8.5. A volume of 250 mL  of the cell culture supernatant (about
300 mg  of total protein) was loaded in the column at 0.1 mL min−1.
Then, the column was washed with the 100 mmol L−1 phosphate
buffer pH 8.5 until absorbance of the efﬂuent at 280 nm reached
zero. The column was  then eluted with 100 mmol L−1 glycin-
HCl buffer pH 2.8, and the eluted fractions of the 2.0 mL were
immediately neutralized with 1.0 mol  L−1 Tris–HCl buffer pH 8.0.
Absorbance of the eluate was  monitored at 280 nm.  The eluted frac-
tions of several chromatographics runs were pooled and the buffer
was changed to 50 mmol  L−1 Tris–HCl buffer pH 7.0. The eluted frac-
tions pool was concentrated using a stirred ultraﬁltration cell and
a YM10 membrane. This solution (0.2 mg  IgG2a mL−1) is referred to
as prepuriﬁed IgG2a.
ut with IgG2a precipitate solution on OPS-agarose.
ss ratio (g MAb/mg TP) Yield of MAb  (%)c Puriﬁcation factor
100 1.0
9.5 0.1
76.8 31.4
86.3 –
viation of the Bradford method: 1.5%.
ach step to the total mass of MAb  present in the injected material.
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Pig. 3. The effect of buffer system and pH on the adsorption of total protein onto
PS-agarose.
.7. IgG2a adsorption kinetic study
The packed column (3.0 mL  of OPS-agarose gel bed) was equi-
ibrated with 50 mmol  L−1 Tris–HCl at pH 7.0 (loading buffer) at
.5 mL  min−1, and room temperature. A volume of 30 mL  of prepu-
iﬁed IgG2a diluted in 50 mmol  L−1 Tris–HCl buffer pH 7.0 (0.2 mg
f IgG2a mL−1) was fed into a tank and the solution was  continu-
usly circulated through the column (in a closed-loop circuit), until
bsorbance at 280 nm at the column outlet became constant. The
repuriﬁed IgG2a solution was maintained in the tank under con-
inuous stirring. Samples of solution were collected at ﬁxed time
ntervals (20 L between 0 and 60 min  and 50 L between 61 and
20 min). The concentration of IgG2a MAb  in the samples was deter-
ined using the Bradford method [18].
After 100 min, equilibrium was established and the column was
xtensively washed in open loop with the loading buffer to remove
he unbound and weakly bound IgG2a. Then, the adsorbed protein
as desorbed (eluted antibody) with the loading buffer containing
.0 mol  L−1 sodium chloride. One-milliliter fractions were collected
uring the washing and elution steps and the concentrations of
gG2a were determined by the Bradford method [18]. After each
xperiment, the column was regenerated with 50 mmol L−1 NaOH,
ollowed by Milli-Q water and the loading buffer to restore it to
ts initial condition for a new experiment. All experiments were
erformed in duplicate.
.8. Analytical methods
.8.1. Total protein quantiﬁcation
Total protein content was determined by the Bradford method
sing BSA as reference protein [18].
.8.2. Sodium dodecyl sulfate polyacrylamide gel electrophoresis
SDS-PAGE of protein samples was performed in 7.5% poly-
crylamide gels under nonreducing conditions [19] using a
ini-Protean III System (Bio-Rad, USA). The gels were stained with
ilver nitrate in accordance with Morrissey [20].
able 2
seudo-ﬁrst- and pseudo-second-order kinetic constants for adsorption of IgG2a MAb  ont
Experimental Pseudo-ﬁrst-ordera kinetic 
qe (mg  g−1) k1 (min−1) qe (mg  g−1) R2
4.125 0.0152 3.615 0.9775
y  = −0.0066x + 0.5581 
a pseudo-ﬁrst-order model: qt = qe (1 − ek1 t ).
b pseudo-second-order model: qt = k2q2e t/(1 + tk2qe).istry 50 (2015) 2267–2274
2.8.3. Western blotting
After SDS-PAGE, IgG2a MAb  samples were transferred to a
nitrocellulose membrane in a Mini Transblotting III System (Bio-
Rad, USA) as described by Towbin et al. [21]. An anti-mouse IgG
antibody conjugated to peroxidase (diluted 1:5,000) was used as
secondary antibody. The MAb  bands were revealed using a chromo-
gene solution (0.003% H2O2, 1.0 mg  mL−1 3,3′-diaminobenzidine in
50 mmol  L−1 Tris–HCl at pH 7.4).
2.8.4. Isoelectric focusing (IEF)
To determine the pI of prepuriﬁed IgG2a MAb, an isoelectric
focusing (IEF) analysis was  carried out using a PhastSystem (Phar-
macia, Sweden) in a pH 3–9 gradient polyacrylamide gel (PhastGel
IEF 3–9, GE Healthcare, USA). The gel was  stained with silver nitrate
in accordance with the methods provided by the manufacturer.
2.8.5. ELISA
Determination of IgG2a MAb  concentration was performed by
solid-phase ELISA using microtiter plates (NUNC, USA) coated with
anti-mouse IgG antibody produced in rabbit. Polyclonal mouse IgG
was used as standard protein. A 50-L volume anti-mouse IgG anti-
body produced in rabbit diluted in 50 mmol  L−1 bicarbonate buffer
pH 9.2 (2.0 g mL−1) was  added to each well of the plates and
incubated at 37 ◦C for 1 h.
The plates were incubated at 4 ◦C for 18 h and then washed
with 20 mmol  L−1 PBS buffer pH 7.2 containing 0.05% Tween 20
and blocked with 20 mmol  L−1 PBS buffer pH 7.2 containing 5%
bovine serum at 37 ◦C for 1 h. After washing, a 50-L aliquot diluted
in 20 mmol  L−1 PBS buffer pH 7.2 of samples or standard (1.56 to
200 ng/mL) was added to the wells and incubated at 37 ◦C for 1 h.
Plates were once again washed and 50-L of peroxidase-labeled
sheep anti-mouse IgG diluted in 20 mmol  L−1 PBS buffer pH 7.2
(diluted 1:2000) was  added to the wells and the plates were fur-
ther incubated at 37 ◦C for 1 h. After a new cycle of washing, 50 L
of reaction substrate containing 0.03% H2O2 and 0.4 mg  L−1 OPD
in 50 mmol  L−1 citrate-phosphate buffer pH 5.0 were added to the
reaction mixture. Plates were incubated at 25 ◦C for 30 min and the
reaction was  terminated with the addition of 25 L of 4 N sulfuric
acid solution. Absorbance was  measured at 492 nm (Multiskan MS,
Labsystems, Finland).
3. Results and discussion
3.1. Effect of buffer system and salt (NaCl) on adsorption of IgG2a
MAb onto OPS-agarose
According to Bresolin and Bueno [3], interactions of an electro-
static nature are important for protein retention on OPS-agarose,
because the negatively charged phosphate and carboxyl groups of
OPS are available for protein interaction (the matrix attachment is
provided by the amino group in OPS, Sigma–Aldrich certiﬁcate of
analysis). The anti-T. cruzi MAb  (IgG2a) has a pI between 7.35 and
8.15 as determined by IEF (Fig. 1), and comprises positively charged
IgG2a MAb  molecules at pH below 7.0. The adsorption of IgG2a MAb
onto OPS-agarose was investigated by loading 4.0 mL of IgG2a pre-
cipitate solution (approximately 0.18 mg  IgG2a mL−1, determined
o OPS-agarose.
Pseudo-second-orderb kinetic
k2 (mg−1 min−1) qe (mg g−1) R2
 0.0047 4.746 0.8431
y = 0.2107x + 9.3945
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Fig. 4. The effect of buffer system and pH on the selectivity of OPS-agarose. SDS-PAGE analysis under nonreducing conditions (7.5% acrylamide) of fractions from the
chromatography. M:  human IgG standard (Aventis Behring). I: injected IgG2a precipitate solution. W:  pool of washing fractions. E: pool of elution fractions.
Fig. 5. The effect of NaCl on the adsorption capacity of total protein on OPS-agarose (buffer system studied, Tris–HCl). SDS-PAGE analysis under nonreducing conditions
(7.5%  acrylamide) of fractions from the chromatography. M,  human IgG standard (Aventis Behring). I, injected IgG2a precipitate solution. W0, pool of washing fractions at
0 ashin
W 0 mm
f l. E100,
b
f
w
o
d
a
T
p
a
i.0  mmol L−1 NaCl. E0, pool of elution fractions at 0.0 mmol  L−1 NaCl. W10, pool of w
30, pool of washing fractions at 30 mmol  L−1 NaCl. E30, pool of elution fractions at 3
ractions  at 50 mmol  L−1 NaCl. W100, pool of washing fractions at 100 mmol  L-1 NaC
y ELISA and 5.0 mg  of total protein mL−1, determined by the Brad-
ord method) onto a column that had been previously equilibrated
ith loading buffer.
Figs. 2 and 3 show the chromatographic proﬁles and the amount
f total protein adsorbed, respectively, onto OPS-agarose gel with
ifferent buffer systems at 50 mmol  L−1 (Mops, Tris–HCl, and NaP)
nd pH values of 6.5–9.0 within their respective buffering ranges.
ris–HCl and Mops allow adsorption of similar amounts of total
rotein, and protein adsorption depends on pH. However, the
dsorption was not dependent on pH with the NaP buffer: approx-
mately 0.05 mg  of total protein was adsorbed per gram of support.g fractions at 10 mmol  L−1 NaCl. E10, pool of elution fractions at 10 mmol L−1 NaCl.
ol  L−1 NaCl. W50, pool of washing fractions at 50 mmol L−1 NaCl. E50, pool of elution
 pool of elution fractions at 100 mmol L−1 NaCl.
Selectivity on the OPS-agarose adsorbent was evaluated based
on the purity of nonretained and eluted fractions (examined qual-
itatively by SDS-PAGE, Fig. 4). The NaP buffer system was  not
suitable for puriﬁcation of IgG2a MAb, as this buffer showed the
lowest adsorption capacity and selectivity for this antibody. It is
probable that phosphate ions in the buffer interacted with the IgG2a
MAb  molecules via electrostatic interactions, masking the binding
site for OPS.Adsorption of IgG2a MAb  with the Tris–HCl buffer at pH 7.0
(0.455 mg  of total protein mL−1 of gel) was  about 10 times higher
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F rption onto OPS-agarose. Samples under nonreducing conditions in 7.5% polyacrylamide
g 2 at 225 kDa, GE Healthcare). I: injection. W:  pool of washing fractions. E: pool of elution
f  Injection: 4.0 mL  of IgG2a precipitate solution at 5.0 mg of total protein mL−1.
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Iig. 6. Electrophoretical proﬁle (a) and western blot analysis (b) of IgG2a MAb  adso
el.  M: molecular mass marker; MC:  full-range rainbow molecular mass marker (1
ractions. Chromatographic data: bed volume of 1.0 mL;  ﬂow rate of 0.5 mL  min−1 ;
han with the NaP buffer, and the IgG2a recovered in the eluted
ractions showed traces of impurities (Fig. 4).
The Mops buffer in its zwitterionic form provided at total
rotein adsorption of approximately 0.45 mg  (Fig. 3), but the elec-
rophoretic proﬁle showed that the eluted antibodies were not
omogeneous (Fig. 4). While the Tris molecule carries a positive
harge in its structure, Mops has a pair of charges with opposite
igns at pH values below its pKa, and only a negative charge above
his value. When deprotonated, the Mops reduced the adsorption
apacity of OPS-agarose, probably interacting electrostatically with
he protein molecules in solution. Selective adsorption of IgG2a MAb
n OPS-agarose is probably governed by electrostatic interactions.
In order to conﬁrm that protein adsorbed onto OPS-agarose
s probably governed by electrostatic interactions, studies were
onduted using different molarities of NaCl in adsorption buffer
nder the best condition achieved for the puriﬁcation of IgG2a
Ab  (Tris–HCl buffer pH 7.0) (Fig. 5). The adsorbent OPS-agarose
ehaved as an ion-exchange resin (electrostatic interactions, e.g.,
harge–charge or charge–dipole, are the most important factor for
dsorption) because the increase in NaCl concentration in the load-
ng buffer reduced its protein adsorption capacity. Furthermore, the
eduction in adsorption capacity was accompanied by the nonspe-
iﬁc binding of other proteins, mainly BSA. NaCl concentration plays
n important role in inﬂuencing the selectivity of the OPS-agarose.
Using the same adsorbent, we had previously observed puriﬁca-
ion of polyclonal human IgG from human serum using NaP buffer
t pH 6.5 [3]. The human IgG adsorbed onto OPS-agarose showed pI
anging from 7.8 to 9.3 (positively charged at pH 6.5), indicating the
redominance of interactions of an electrostatic nature between
uman IgG and the negatively charged groups in OPS.
In order to verify the effect of spacer arm on IgG2a MAb  puriﬁ-
ation, the OPS was immobilized on epoxy-activated agarose (1,4
utanediol diglycidyl ether activated gel, spacer arm of 12 atoms).
he steric hindrance effects between the ligand and the agarose
eads decrease because 1,4-butanediol diglycidyl ether is a long
pacer arm (hydrophobic spacer arm).
The percentage of total protein adsorbed onto OPS-epoxy-
ctivated agarose to the total protein mass fed into the column
3.2%) was similar to that adsorbed onto OPS-CNBr-activated gel
2.6%). However, the purity of IgG2a MAb  in eluted fractions for
PS-epoxy-activated agarose gel was lower than that for OPS-
NBr-activated gel. The OPS-epoxy-activated gel adsorbed IgG2a
Ab, BSA, and other proteins from the solution of precipitated
gG2a (electrophoretic proﬁle, data not shown). These results sug-Fig. 7. Pseudo-ﬁrst-order kinetic plot for IgG2a MAb  adsorption onto OPS-agarose.
Pseudo-ﬁrst-order model: qt = qe (1 − ek1 t ).
gest that the lower selectivity of OPS-epoxy-activated agarose gel
could be associated with the hydrophobicity of the long spacer arm
that contributed negatively to IgG2a binding.
3.2. IgG2a MAb puriﬁcation
As the Tris–HCl buffer showed a possible puriﬁcation of IgG2a
Mab, western blotting was  carried out to conﬁrm that IgG2a MAb
had been adsorbed onto the OPS-agarose (CNBr-activated gel)
(Fig. 6). The heavy band around 150 kDa in the western blot indi-
cates that IgG2a was  adsorbed onto the OPS-agarose with a small
loss of MAb  in the washing step. The electrophoretic proﬁle shows
that the eluted antibodies contained traces of BSA and other pro-
teins. A similar observation was  also reported in the literature.
Leung and Ho [22] puriﬁed the anti-grass carp growth hormone
monoclonal antibody (isotype IgG2a, IgG2b) produced by growing
hybridoma in the peritoneal cavity of mice (ascitic ﬂuid) by afﬁn-
ity chromatography in a Hitrap protein G column. The antibodies
obtained had a high degree of purity, but traces of serum albumin
were also detected by SDS-PAGE.
The pools of protein fractions in the chromatographic steps
(washing and elution) were analyzed by ELISA (Table 1). Quantiﬁ-
cation of IgG2a showed that 76.8% of the MAb  was  recovered in
the elution step free of impurities with a puriﬁcation factor of 31.8.
In the washing step, 9.5% of the IgG2a MAb  was lost. High-purity
MAb was obtained in the elution step, even though the SDS-PAGE
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nalysis of the chromatographic fractions (Fig. 6) indicated that
he eluted fractions contained traces of BSA and other proteins.
he purity of IgG2a MAb  in eluted fractions was higher than 100%
ecause of the well-known low sensitivity of the Bradford method
18] to IgG proteins [23,24].
The recovery of eluted anti-T. cruzi MAb  on OPS-agarose (76.8%)
as similar to that obtained by Tavares et al. [25] in the puriﬁca-
ion of mouse anti-rubisco monoclonal antibodies (IgG2a subclass,
I values ranging from 7.3 to 7.7) from ascitic ﬂuid by afﬁnity chro-
atography in a protein A-agarose column (84.3%). However, the
uriﬁcation factor obtained by these authors was lower, that is, 11.2
nd 34.8 for protein A-agarose and OPS-agarose, respectively.
.3. IgG2a adsorption kinetic parameters
The adsorption of IgG2a MAb  onto OPS-agarose was evaluated as
 function of time. For this experiment, the IgG2a anti-T. cruzi from
gG2a precipitate solution had been previously puriﬁed on protein
-agarose (prepuriﬁed IgG2a). Adsorption of the prepuriﬁed IgG2a
Ab  onto OPS-agarose was monitored as a function of time at a
ow rate of 0.5 mL  min−1. Adsorption equilibrium of IgG2a MAb  was
chieved within 100 min.
The pseudo-ﬁrst-order and pseudo-second-order kinetic mod-
ls were applied to the experimental data on the IgG2a adsorption
inetics to elucidate the mechanism of IgG2a adsorption onto OPS-
garose using the following equations [26,27]:
seudo-ﬁrst-order : qt = qe
(
1 − ek1 t
)
(1)
seudo-second-order : qt = k2q
2
et
1 + tk2qe
(2)
here qe and qt are the amount of IgG2a adsorbed (mg) onto OPS-
garose (g) at equilibrium and time t (min), respectively; k1 (min−1)
s the rate constant for the pseudo-ﬁrst-order adsorption kinetics
nd k2 (g mg−1 min−1) is the rate constant for the pseudo-second-
rder kinetics.
The ﬁtted parameters of these equations are presented in
able 2. The Lagergren’s pseudo-ﬁrst-order equation best described
gG2a MAb  adsorption onto OPS-agarose (correlation coefﬁcient of
f 0.978, Fig. 7); the theoretical qeq value (3.615 mg  of IgG2a g−1 of
el or 1.375 mg  of IgG2a mL−1 of gel) was closer than the experimen-
al value (4.125 mg  of IgG2a g−1 of gel or 1.205 mg  of IgG2a mL−1 of
el), with a deviation of 12.4%. This result suggests the applicabil-
ty of the pseudo-ﬁrst-order kinetic model in this study. The mass
ransfer in solution may  be the determining step in the adsorption
rocess thus the adsorption mechanism is diffusion-controlled.
After the adsorption equilibrium of IgG2a MAb  was established
achieved within 100 min), extensive washing was carried out in
he column to remove the unbound and weakly adsorbed antibod-
es. Adsorbed IgG2a MAb  (after washing step) was  desorbed with
ris–HCl buffer, pH 7.0, containing 1.0 mol  L−1 NaCl, and protein
oncentration in the eluted fractions (eluted antibody) was  deter-
ined by the Bradford method [18]. The adsorption capacity of
he OPS-agarose for eluted IgG2a MAb  was found to be 0.78 mg  of
gG2a mL−1 of adsorbent, similar to that in the data presented by
inger et al. [28] for mouse IgG2a MAb  adsorption onto the thiophilic
garose adsorbent (0.79 mg  of IgG2a mL−1 of gel).
The adsorption capacity of the OPS-agarose for IgG2a MAb
0.78 mg  of IgG2a mL−1 of adsorbent) may  seem low, but we have
o note that the initial IgG2a MAb  concentration used in this study
as 200 g of IgG2a mL−1. These results indicate that OPS can be
onsidered as an alternative ligand for the adsorption of IgG2a from
ouse hybridoma culture supernatants.
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4. Conclusions
This study demonstrated that OPS-agarose provided efﬁcient
adsorption and puriﬁcation of IgG2a MAb  from precipitate solution
of hybridoma culture supernatant. Signiﬁcant purity and puriﬁca-
tion factor were achieved in a single chromatographic step. The
nature of the buffer system, pH, and NaCl concentration affected
the interaction between immobilized OPS and IgG2a MAb. Tris–HCl
at pH 7.0 was found to be optimum for adsorption of IgG2a MAb.
The adsorbed IgG2a MAb  could be eluted under non-denaturing
conditions. It was found that the selectivity and the adsorption
capacity of IgG2a MAb  were lower when NaCl was added to the
adsorption buffer systems. A higher selectivity was  observed when
OPS was  immobilized via CNBr-activated agarose gel than when
OPS was immobilized via epoxy-activated agarose. This result sug-
gests that the long spacer arm (12 atoms) contributed negatively
to IgG2a MAb  binding. The prepuriﬁed IgG2a MAb  adsorption onto
OPS-agarose was monitored as a function of time and parameters
of the pseudo-ﬁrst-order and pseudo-second-order kinetic models
were calculated. The pseudo-ﬁrst-order kinetic model described
the kinetic rate better than the second-ﬁrst-order model.
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